ABSTRACT In this paper, we provide a comprehensive performance analysis of simultaneous wireless information and power transfer (SWIPT) for cognitive relay networks with different relay schemes. In the considered system, the energy-constrained secondary transmitter harvests the energy from the primary signal and then employs the harvested energy to forward the primary signal along with the secondary signal simultaneously. To improve the spectral efficiency, we propose a novel cooperative spectrum sharing protocol with dynamic time-slot allocation based on energy harvesting, namely, dynamic time-power-based cooperative spectrum sharing protocol. Considering the delay-limited transmission mode, we analytically derive the exact closed-form expressions of outage probabilities and achievable throughput for both the primary and secondary networks with amplify-and-forward and decode-and-forward relaying schemes, respectively. More importantly, different from the existing works, we take into account the power outage probability at the energy-constrained secondary transmitter to better match the reality. Finally, the numerical results are provided to evaluate the effect of different key parameters on the system performance, which demonstrate that the dynamic cooperative spectrum sharing protocol improves the outage performance compared with the uniform time-slot allocation scheme.
I. INTRODUCTION
Recently, Internet of Things (IoT) has been regarded as a key technology to realize the smart city. However, some tough challenges are faced with the dramatic development of IoT, for example the spectrum shortage and exorbitant energy consumption [1] . Now, most wireless devices are powered by batteries and cannot be operated for long periods of time without charging. In addition, as wireless devices are proliferating, it is more inconvenient to replace batteries for some wireless devices, such as sensor. Therefore, harvesting energy from the environment is a promising approach to prolong the lifetime of energy-constrained wireless networks [2] . Traditional energy harvesting (EH) methods are based on natural sources such as solar, wind, vibrations, etc [3] . Since these traditional energy sources are unstable, they cannot be used as a reliable source of energy for charging wireless devices. Hence, radio frequency (RF) signal as a stable source of energy has received more and more attentions. Since RF signal can carry energy as well as information at the same time, an unified study on simultaneous wireless information and power transfer (SWIPT) is pursued [4] . From this point of view, different combinations of SWIPT and traditional communication techniques have became a research hotspot in recent years, such as relaying networks, cognitive radio, and multiple-input multiple-output and so on.
For relaying networks, there have two practical SWIPTenabled-relay receiver operations, i.e., time switching (TS) and power-splitting (PS) [2] . Afterward, many published works considered these two practical relaying receivers in different scenarios. Nasir et al. [5] considered an energyconstrained relay networks, where the energy-constrained relay harvests energy from the RF signal broadcasted by a source node and then forwards the source signal to a destination node with the harvested energy. In [6] , a novel PS protocol for EH cooperative communication systems were proposed, which can maximize the achievable capacity between the source and destination. In order to improve the performance of the network, a greedy switching (GS) policy, where the relay node transmits when its residual energy ensures decoding at the destination, was investigated [7] . To improve the spectral efficiency of the EH relay network, Peng et al. [8] investigated SWIPT in two-way decode-andforward (DF) relay networks. In addition, a dynamic asymmetric PS scheme for SWIPT-enabled two-way multiplicative amplify-and-forward (AF) relaying was proposed in [9] .
On the other hand, recent spectrum measurements have shown that most licensed spectrum bands are under utilization, which has resulted in emerging research towards methods to reuse the spectrum resource between different users, also known as spectrum sharing or cognitive radio [10] . Therefore, the combination of cognitive radio and SWIPT will be an effective way to solve the spectrum crunch and exorbitant energy consumption. Specifically, Sakr and Hossain [11] investigated the performance of energy harvestingbased device-to-device (D2D) communication underlying cellular networks. Lee et al. [12] proposed a novel method for harmoniously coexisting primary and secondary networks, where the secondary users harvest ambient RF energy from the primary signal, while opportunistically access the spectrum licensed of primary user (PU). Zhai et al. [13] proposed an efficient RF-EH-based spectrum leasing scheme by selecting the best secondary transmitter to relay the primary data along with the primary transmitter using Alamouti coding. Kalamkar and Banerjee [14] investigated the performance of cognitive relay networks with energy harvesting relay, where the interferences from multiple primary transmitters were considered. Furthermore, a cognitive two-way relaying network, where the SWIPT-enabled relay helps two secondary nodes exchange information with the energy harvested from the received signals, was studied in [15] .
Since cooperative cognitive radio networks (CCRNs) can achieve win-win results for primary network and secondary network, it has been broadly investigated in published works taking into account energy harvesting [16] - [21] . Yan and Liu [16] proposed a new framework of the SWIPT-based CCRN, where a secondary transmitter opportunistically acts as a relay node to assist the transmission from a primary transmitter to a primary receiver. Wang and Zhang [17] studied the secure resource allocation for an EH-based CCRN, which consists of one primary user, multiple secondary users (SUs), one dedicated energy source, and one malicious eavesdropper. In [18] , the outage probability of single-relay cooperation and multi-relay cooperation strategies in a CCRN with energy harvesting was investigated over Nakagami-m fading channels. Abd-Elmagid et al. [19] introduced a generic model for CCRNs, where the relaying SUs is equipped with a finite capacity battery and a finite relay queue. Mukherjee et al. [20] studied a SWIPT-enabled CCRN, where the secondary user transmitter assists bi-directional communication between a pair of PUs following the principle of two-way relaying.
Kalamkar et al. [21] integrated a wireless powered communication network with a CCRN, where multiple secondary users powered wirelessly by a hybrid access point (HAP) help a primary user relay the data. Two recent works [10] , [22] focused on analyzing the performance of CCRNs, in which the energy-constrained secondary transmitter harvests the RF signal from primary transmitter with fixed transmission time-slot. Kalluri et al. [10] investigated the outage performance of cognitive radio networks with time-splitting and power-splitting-based cooperative spectrum sharing protocols, in which an energy-constrained SU acts as a relay to assist the primary transmission with the benefit of accessing the licensed spectrum. In addition, Wang et al. [22] developed the wireless energy harvesting and information transfer protocol in cognitive relay networks with AF protocol, in which the exact expressions of the outage probabilities for both primary and secondary networks were derived, respectively.
Different from [10] and [22] , in this paper, we consider an energy harvesting CCRN with dynamic time-slot transmission for AF and DF protocols, respectively. More importantly, we take into account the power outage at the energy-constrained secondary transmitter to match with a practical scenario. Concretely, in the considered network, the energy-constrained secondary transmitter (SU-Tx) harvests the RF energy from primary signal and then helps the primary transmitter forward the primary information to its destination along with the secondary signal. The main contributions of this paper can be summarized as follows:
• We propose a new cooperative spectrum sharing protocol for cognitive relay networks with AF and DF schemes, called dynamic time-power-based cooperative spectrum sharing (DTP-CSS) protocol. Since there is no direct link between PU-Tx and PU-Rx, the SU-Tx acts as a relay to assist the primary transmission in the proposed scheme. Specifically, in the proposed scheme, the SU-Tx firstly harvests RF energy from primary signal and then forwards the primary signal along with secondary information based on the superposition coding with the harvested energy.
• In order to evaluate the performance of the proposed scheme, we derive the exact expressions of outage probabilities and achievable throughputs taking into account the power outage probability (POP) at the energy-constrained SU-Tx for AF and DF schemes, respectively. Moreover, based on the derived expressions, we provide detail analysis of the impacts of different key parameters on the system performance, i.e., time allocation factor, power-splitting factor and power allocation factor and so on. The rest of our paper is organized as follows: Section II describes the system model. Section III introduces our DTP-CSS protocol. In Section IV, we analyze the outage probabilities and the achievable throughput for primary and secondary networks, respectively. Section V presents the numerical results. Finally, Section VI concludes the paper. 
II. SYSTEM MODEL
As shown in Fig. 1 , we consider a cognitive relay network, which consists of PU-Tx (S), PU-Rx (D), SU-Tx (R) and SU-Rx (C). Without loss of generality, we assume that there is no direct link between S and D. The energy-constrained R will act as a relay to assist the transmission between PU-Tx and PU-Rx for accessing the licensed spectrum of primary network. Hence, the whole block time T are divided into two phases. In addition, we assume that all channels are independently and identically distributed, subjected to a Rayleigh fading, i.e., the channel coefficients are constant during block time T and vary with block time.
III. DYNAMIC TIME-POWER-BASED PROTOCOL
In this section, we will provide a detail discuss about the proposed DTP-CSS protocol of the considered system with the AF and DF schemes, respectively. A. DYNAMIC TIME-POWER-BASED PROTOCOL Fig. 2 shows the framework of the DTP protocol, which is divided into two phases. During the first αT time-slot, S broadcasts its information to R and C. Then, R harvests the RF energy from the received signal based on power-splitting scheme. During the second time-slot (1 − α) T , R utilizes the harvested energy to transmit the primary signal along with secondary signal based on the superposition coding.
In phase 1, S broadcasts its signal s 1 with the transmitted power P S . Hence, the signal received by R is given by
where h ij is the channel coefficient between two nodes and d ij is the distance between two nodes with i ∈ {S, R} and j ∈ {R, C, D}, m is the path loss index and n 1 is the zero mean additive white Gaussian noise (AWGN) at R with variance σ 2 1 . Using (1), the energy harvested by R in phase 1 is given by
where 0 < α < 1 is the time allocation factor, 0 < β < 1 is the power-splitting factor and 0 < η ≤ 1 is the energy conversion efficiency. Hence, during the phase 2, the transmit power of R can be derived as
From (3), we can see that the transmit power will be affected by the time allocation factor α and the power-splitting factor β. On the other hand, the signal received by C is given by
where n 2 is the zero mean AWGN at C with variance σ 2 2 .
B. AF RELAYING SCHEME
In the phase 2, R divides the transmit power into two parts, i.e., P R = γ P R + (1 − γ )P R , where γ P R is used to forward the information of S to D and (1−γ )P R is used to transmit the secondary information to C with γ being the power allocation factor. Thus, for the AF scheme, the information broadcasted by R is given by
where n R is the sampled AWGN due to the conversion from RF signal to baseband at R. To simplify the analysis, we assume n R = 0. Then the information broadcasted by R can be rewritten as
where
is the remaining signal after the energy harvesting of R, s 2 is the secondary signal, and ζ =
is the power normalization factor. In the phase 2, the signal received by D can be expressed as
where n 3 is the AWGN at D with variance σ 2 3 . Now substituting Eq. (6) into (7), then (7) can be rewritten as
According to (8) , the SINR at D can be derived as
Meanwhile, the signal received by C is given by
Substituting (6) into (11) and performing some simple mathematical manipulations, we have
Since the primary signal s 1 is received by C during the phase 1, it can be utilized to cancel the interference from the primary signal in y AF C2 . Assuming that C can successfully decode the received information in the phase 1 and completely remove the interference, then we have
According to (13) , the SINR of C can be written as
C. DF RELAYING SCHEME
For the DF scheme, the SNR of R is given by
When the primary signal is successfully decoded at R, the information broadcasted by R during the secondary phase is given by
In the phase 2, the signal received at D when R decoding successfully is given by
According to (17) , y DF D-1 can be rewritten as
From (19) , the SINR of D for DF scheme when R decoding successfully is given by
The signal received by C in the phase 2 is given by
According to (17) , y DF C2-1 can be rewritten as
Similar to AF scheme, C uses the signal received in the phase 1 to cancel the interference from s 1 in the phase 2. Hence, the received signal after the interference cancellation can be expressed as
At this moment, the SINR at C is given by
On the other hand, if R fails to decode the primary information, γ will be set to 0. It means that all the transmit power is used to transmit the secondary information. Consequently, the signal broadcasted by R is given by
In the phase 2, the signal received by C when R decoding fails is given by
Hence, the SINR of C at this condition is given by
IV. OUTAGE PROBABILITY AND THROUGHPUT ANALYSIS
In this section, we take the outage probability as performance metric to evaluate the proposed protocol. Let R i and T i where i ∈ {R, D, C} denote the data rate and the given target rate, respectively.
A. AF RELAYING SCHEME
When the relay works in AF scheme, it only needs to amplify and forward the received signal without decoding the signal. Therefore, the outage probability of primary user is given by
In the AF scheme, the outage probability of primary user is given by
and λ ij is the mean of the random variable h ij 2 with i ∈ {S, R}, j ∈ {R, D, C}. Proof: See Appendix A. Similarly, the outage probability of secondary user in the AF scheme can be expressed as
where t C = 2
In the AF scheme, the outage probability of secondary user is given by
B. DF RELAYING SCHEME When the relay works in the DF scheme, R needs to decode the received signal. If the decoding is successful, the decoded signal is superimposed on the secondary signal and then forwarded. If the decoding fails, all transmit power is used to send the secondary signal.
Therefore, the outage probability of primary user can be expressed as
where t R = 2
In the DF scheme, the outage probability of primary user is given by
Meanwhile, the outage probability of secondary user can be expressed as
Proposition 4: In the DF scheme, the outage probability of secondary user is given by
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C. POWER OUTAGE PROBABILITY
In order to activate the transmission, the harvested energy at R must be greater than the minimum power threshold. If the energy harvested by R is less than the threshold, then the energy harvesting circuitry at the relay stays inactive [23] and communication will not be touched off, which leads to the power outage. Therefore, the power outage probability of R can be expressed as
. Thus, the total outage probability of the considered system can be expressed as
where node ∈ {C, R} and scheme ∈ {AF, DF}.
D. THROUGHPUT ANALYSIS
In the delay limited transmission mode, the throughput is determined by evaluating the outage probability at a fixed source transmission rate. Based on the derived outage probability, the achievable throughputs of primary and secondary links can be expressed as
where scheme ∈ {AF, DF}. Thus, the total throughput of the considered system with AF or DF scheme is given by
According to Fig. 2 , we find that the larger α, the more energy is harvested and the shorter the information transmission time is in the proposed DTP-CSS protocol. Conversely, the smaller α, the less energy is harvested and the longer the information transmission time is. Hence, there exists a trade-off between energy harvesting and information transmission. Similarly, for β, there is a powersplitting trade-off between energy harvesting and information transmission [24] . In addition, the larger γ , the more power is allocated to the primary user. The smaller γ , the more power is allocated to the secondary user. Therefore, there is also a power allocation trade-off between the primary user and the secondary user. Therefore, there exists a optimal α * , β * and γ * to maximize the throughput of the considered system, which can be formulated as max τ scheme s.t. 0 < α < 1 0 < β < 1 0 < γ < 1.
V. NUMERICAL RESULTS AND DISCUSSION
In this section, simulation results are provided to verify the analyses and study the impact of different key parameters on the system performance. Unless otherwise stated, the system parameters are set as P S = 1W, η = 1, path loss exponent m = 2.7 and all AWGNs mentioned above have equal variances, i.e., σ 2 1 = σ 2 2 = σ 2 3 = 10 −3 W. The distance between S and D is 3m (d SR = d RD = 1.5m), and the distance between R and C is 2m (d RC = 2m). The target rate is T D = T R = T C = 1bps/Hz. FIGURE 3. Outage probability of primary and secondary users with varying values of transmit power P S for α = 0.5, β = 0.5 and γ = 0.8. Fig. 3 describes the outage probabilities of primary and secondary users with different transmit powers P S . It can be seen from Fig. 3 that the outage probabilities of primary user and secondary user decrease as the transmit power P S increases. This is because the larger transmit power P S , the larger SNR (SINR) received at the receiving node. In addition, we can see that the proposed protocol with DF scheme achieves better performance than that of the proposed protocol with AF scheme, which is consist with traditional cooperative cognitive relay networks with fixed power supply. Fig. 4 and Fig. 5 show the outage probability and the achievable throughput with different time allocation factors α, respectively. It can be seen from Fig. 4 that the outage probability of primary and secondary users decreases firstly and then increases with the increasing of α in AF and DF schemes. In addition, an interesting phenomenon can also be observed from Fig. 4 . When α is small, the outage probability of the primary users in the AF scheme is smaller than that in the DF scheme. This is because in the DF scheme, when α is small, there is too little time left for R decoding. This causes R cannot successfully decode the primary signal. Therefore R will use all the harvested energy for the communication of secondary users. In AF scheme, R does not need to decode the received signal. So, when α is small, the outage probability of the primary user in the AF scheme is smaller than that in the DF scheme. On the other hand, from Fig. 5 , we can see that the curves of the system's throughput with varying α in the AF and DF schemes are convex. Therefore, there is an optimal α * to maximize the throughput for both AF and DF schemes. Specifically, the optimal α * for AF and DF schemes are 0.22 and 0.24, respectively. Fig. 6 and Fig. 7 depict the outage probability and the achievable throughput with different power-splitting factors β, respectively. It can be seen from Fig. 6 that the outage probability of primary user decreases firstly and then increases with the increase of β in both AF and DF schemes. However, the change trend of the outage probability of secondary user in the AF scheme is different from that of DF scheme. As can be seen, in the AF scheme, the transmit power of R increases as β increases. Since the transmit power of R increases, the noise power carried in the received signal of R also increases. Moreover, the signal received by C in phase 1 can only be used to cancel the interference from primary signal in phase 2, but cannot be used to cancel the noise interference. Hence, when β increases to a certain extent (β 0.81), the noise power in the forwarded signal increases more than the signal power. The sharp increase in noise power leads to the increase of the outage probability of secondary user. On the other hand, since R will decode the received signal in the DF scheme, no additional noise is introduced at R. The larger β, the more power is allocated to the secondary user when the power allocation factor is fixed. Hence, the outage probability decreases as β increases. From Fig. 7 , it also can be found that the curves of the system throughput in AF and DF schemes are convex with β. Therefore, there is an optimal β * to maximize the system throughputs for both AF and DF schemes. Specifically, the optimal β * for AF and DF scheme are 0.71 and 0.88, respectively. Fig. 8 and Fig. 9 plot the trend of the outage probability and the achievable throughput with different power allocation factors γ , respectively. It can be seen from Fig. 8 that the outage probability of primary user decreases as γ increases, while the outage probability of secondary user gradually increases as γ increases. This is because when γ is small, the power is less allocated to the primary signal. On the other hand, when γ is large, less power is allocated to the secondary signal. It can be seen that when γ < 0.68 in AF scheme and γ < 0.67 in DF scheme, the outage probability of primary user is 1 (corresponding throughput is 0). Similarly, from Fig. 9 , there is an optimal γ * to maximize the system throughputs for both AF and DF schemes. Specifically, the optimal γ * for AF and DF schemes are both 0.83.
FIGURE 11.
Throughput comparisons of the considered system in DF scheme with different transmit power P S for α = 0.5, β = 0.5, γ = 0.8 and α * = 0.24, β * = 0.88, γ * = 0.83. Fig. 10 and Fig. 11 depicts the throughput of the system with varying source transmit power P S when R operates in the AF and DF schemes, respectively. Obviously, regardless of whether R operates in AF scheme or DF scheme, the system with optimal α, β, γ can achieve greater throughput.
VI. CONCLUSIONS
In this paper, we studied the problem of simultaneous wireless information and power transfer in cooperative cognitive radio networks. We proposed a dynamic cooperative spectrum sharing protocol called dynamic time-power-based cooperative spectrum sharing (DTP-CSS) protocol. Based on this protocol, we analyzed the outage probability and achievable throughput of the primary and secondary networks when the relays are in the AF and DF schemes, respectively. To model the real-world conditions, we further considered the power outage probability. Simulation results showed that the effects of different system parameters on network performance and the protocol we proposed can maximize the throughput of the system.
APPENDIX A PROOF OF PROPOSITION 1
Substituting (9) to (29), the outage probability of primary user can be derived as (48) at the top of the next page, where
Since the denominator may be positive or negative, the outage probability of primary user can be rewritten as (49), which can be further expanded as (50) 
Since
where 11 2
, 12 e
the first-order modified Bessel function of the second kind.
APPENDIX B PROOF OF PROPOSITION 2
Substituting (14) into (32), the outage probability of secondary user can be derived as (53) on the next page, where
Since the denominator may be positive or negative, the outage probability of secondary user can be rewritten as (54), on the next page, which can be further expanded as (55) on the next page. Further, due to
in the case of high SNR, then we have
, then (56) can be further rewritten as
APPENDIX C PROOF OF PROPOSITION 3
In the DF scheme, R needs to decode the received signal. If the R decoding fails, D does not receive the signal from S. Hence, the outage probability of primary user under this condition is 1. If the R decodes successfully, the outage probability of primary user is Pr(SINR
. Therefore, the outage probability of primary user can be expressed as
Since the outage probability of primary user depends on the decoding result at R, it is necessary to calculate the outage probability of the first link, which is given by
Substituting (16) to (59), the outage probability of the first link can be derived as
where 0 e
Let the outage probability of primary user when R decodes successfully be P D-DF OUT-1 , then we have P
Only when R and D are successfully decoded together, D will not occur outage events. So, the outage probability of D can be expressed as
Substituting (20) to (61), the outage probability of primary user can be derived as
where 31 2
Now, the outage probability of primary user is given by
If A 2 < B 2 , we have
To this end, by combining the above derivation together, the outage probability of primary user in the DF scheme is given by
APPENDIX D PROOF OF PROPOSITION 4
Let the outage probability of secondary user when R decodes successfully be P C-DF OUT-1 , then we have P
Substituting (25) into (68), the outage probability of secondary user can be derived as
where 
where 41 2
Let the outage probability of secondary user when R decoding fails be P C-DF OUT-2 , then we have 
Substituting (28) into (71), then the outage probability of secondary user in the case of R decoding fails can be derived as
where Y 2 αβηP S . Following (72), P C-DF OUT-2 can be further expanded as 
where 42 2
Finally, to this end, the outage probability of secondary user in the DF scheme can be expressed as 
